the wild-type Sys1 peptide ( Figure 1A ). However, a peptide that contained mutations in the residues that make critical contact with Sec23/24p (D198AxE200A) failed to compete with GST-Bet1p for interaction with Sec23/ 24p ( Figures 1A and 1C ). Having demonstrated a direct competition between Bet1p and Sys1p for interaction with Sec23/24p, we investigated whether an additional cargo molecule with a distinct sorting motif could compete for the same site. The C-terminal cytoplasmic domain of Prm8p contains a diphenylalanine motif that is required for interaction with Sec23/24p (S. Springer and R.S., unpublished data). A peptide corresponding to this region binds avidly to Sec23/24p (S. Springer and R.S., unpublished data) and was tested for its ability to compete with GST-Bet1p. Unlike the Sys1p signal, neither the wild-type Prm8p signal, nor a mutant form that lacked the diphenylalanine motif was able to compete with GST-Bet1p for Sec23/24p binding ( Figures 1B and  1C ). These data suggest that Sys1p and Bet1p bind to the same site on Sec24p, which is likely to have another independent binding site that may interact with additional cargo molecules.
Cargo Binding Mutations in Sec24p
We undertook a genetic approach to identify functionally important residues on Sec24p that might be involved in cargo selection. The recent structure of the Sec23/ Sec24/Sar1p complex (Bi et al., 2002) allowed the use of targeted alanine-scanning mutagenesis to alter charged residues around the equatorial (i.e., neither membrane proximal nor membrane distal) surface of Sec24p. We and Sec24R561M), and a Leu residue that forms the base of the Sys1p binding pocket was mutated to Trp (Sec24L616W). The introduction of a bulky side chain cules, including the v-SNARE Bet1p (Springer and Schekman, 1998) Figure 1A) . Preincubation of Sec23/24p with a peptide from further biochemical analysis. We first tested the mutant proteins in the GST-Bet1p binding assay deencompassing the C-terminal sorting signal of Sys1p reduced binding of the Sec23/24p complex to GSTscribed above. As expected, none of the mutants was able to bind to GST-Bet1p, confirming the critical role Bet1p ( Figure 1A ). Sar1p binding was unaffected (data not shown). A Sys1 peptide that contained a mutation for this domain in the Sec24-Bet1p interaction ( Figure  2A ). We next used the mutant proteins in in vitro budding in a diacidic motif (E188AxE190A) that is not involved in Sec23/24p binding (Votsmeier and Gallwitz, 2001) rereactions that generate vesicles during an incubation of purified COPII components with ER-enriched microduced binding of Sec23/24p to GST-Bet1p, similar to (A) GST-Bet1p was incubated with Sar1p (30 g/ml) and wild-type or mutant versions of Sec23/24p (30 g/ml) in the presence of guanine nucleotide (0.1 mM) as indicated. GSHA bound proteins as well as a fraction (10%) of the total reaction were resolved by SDS-PAGE and SYPRO staining. Only wild-type Sec23/24p was recruited to the GST-Bet1p beads. (B) Total membranes (T) and budded vesicles were collected from in vitro budding reactions containing Sar1p (10 g/ml), Sec13/31p (20 g/ml), and nucleotide (0.1 mM), supplemented with wild-type or mutant Sec23/24p (10 g/ml) as indicated. Proteins were detected by immunoblotting with antibodies against the proteins indicated. (C) Packaging efficiency was determined by quantitative immunoblotting using radiolabeled secondary antibody. Packaging of each protein with wild-type Sec23/24p was set to 100% and the relative proportion of packaging with mutant Sec23/24p complexes was calculated. (D) In vitro packaging of 35 S-labeled ␣-factor into a vesicle fraction was determined by precipitation of glycosylated ␣-factor from the medium speed supernatant after incubation with Sar1p (10 g/ml), Sec13/31p (20 g/ml), and wild-type or mutant Sec23/24p (10 g/ml) and nucleotide as indicated. (E) Vesicles generated as in (D) were incubated with acceptor Golgi membranes in the absence or presence of cytosol. Fusion of vesicles with the Golgi was determined by precipitation with antibodies against an ␣-1,6 mannose moiety and scintillation counting. somal membranes (Barlowe et al., 1994) . Microsomes gation, and the degree of glycosylated pro-␣-factor packaging was quantified by Concanavalin A precipitawere washed with urea to remove endogenous COPII proteins and then incubated with Sar1p, Sec13/31p, nution and scintillation counting (Barlowe et al., 1994) . All mutants were able to package pro-␣-factor into COPII cleotide, and either wild-type or mutant Sec24p complex. Vesicles were separated from donor membranes vesicles to the same extent as wild-type Sec23/24p (Figure 2D) . We next assessed the ability of the vesicles in a medium-speed centrifugation step and then collected by high-speed centrifugation (Miller et al., 2002) . generated with mutant proteins to fuse with the Golgi apparatus by incubating vesicles with acceptor memProteins packaged into vesicles were analyzed by quantitative immunoblotting (Figures 2B and 2C) . Consistent branes and cytosol followed by immunoprecipitation of an ␣-1,6-mannose moiety, a Golgi-specific modification with the inability of the Sec24p mutant proteins to bind GST-Bet1p, vesicles generated with these proteins con- (Barlowe et al., 1994) . Vesicles generated with wild-type Sec23/24p were capable of fusion in a cytosol-depentained no detectable Bet1p. Furthermore, budding of the other early secretory SNAREs Bos1p and Sec22p dent manner, whereas vesicles generated with any of the Sec24p mutants were impaired in their ability to fuse, was also impaired. Packaging of Bos1p was reduced to approximately 15% of that obtained with wild-type consistent with the absence of SNAREs in these vesicles ( Figure 2E ). These data demonstrate a direct correlation Sec23/24p, and the extent of this defect was consistent across all mutants. Sec22p packaging was reduced between cargo binding by Sec24p and the corresponding presence or absence of that cargo molecule in COPII approximately 5-fold in the Sec24L616W mutant but only 2-fold in the Sec24R235A, Sec24R230,235A, and vesicles, reinforcing the hypothesis that it is the direct interaction between a Sec24p subunit and a sorting moSec24R561A mutants.
We presence in vesicles generated with the Sec24L616W this cargo binding domain (data not shown). Interestingly, the packaging efficiency of these unaffected molemutant ( Figure 3) . Importantly, the fidelity of cargo sorting was maintained when vesicles were generated with cules was often greater in the presence of mutant Sec23/ 24p than with wild-type Sec23/24p. the mutant Sec24p: the ER residents Sec61p and Kar2p were not found in the vesicle fraction (data not shown).
Cargo molecules that were impaired in their uptake into COPII vesicles in the presence of the mutant Sec23/ However, a distinct subset of cargo molecules was missing from vesicles generated with mutant Sec24p relative 24p complex fell broadly into three classes: those that were moderately affected ‫%05ف(‬ relative to wild-type), to wild-type vesicles. Surprisingly, the group of proteins impaired for uptake into mutant vesicles did not all posintermediately affected ‫%02ف(‬ of wild-type), or severely affected (Ͻ10% of wild-type). Moderately affected prosess a single class of sorting signal. Some cargo molecules, including pro-␣-factor and a chitin synthase, teins included the Golgi t-SNARE Sed5p, which employs a bipartite sorting signal, of which one motif resembles Chs3p, were packaged as efficiently with mutant Sec24p that contained a chromosomal deletion of the SEC24 appending the Gap1p C-terminal domain to truncated gene, covered by a copy of SEC24 on a plasmid conSys1p yielded no increase in packaging efficiency taining the URA3 marker gene (see Table 1 for yeast ‫.)%01ف(‬ Together, these observations indicate that the strains and plasmids). Transformants were grown on diacidic ER export signals in Sys1p and Gap1p are not plates containing 5-FOA to counterselect for the wildinterpreted in the same way by the budding machinery. type SEC24 gene. Whereas all of the Arg mutants were We next examined how mutations in Sec24p affect able to complement the loss of Sec24p, cells expressing the packaging efficiency of newly synthesized Gap1p, Sec24L616W were unable to grow in the absence of Sys1p, and Gap1/Sys1p chimera ( Figure 5C ). As noted wild-type Sec24p (Figure 6A, left) . After counterselection previously for steady-state Gap1p (Figure 3) Figure 6A, middle) . Furthermore, the remaining mutants, Sec24R235A and Sec24R559M, were unable to completact with Emp24p, which displays a cytoplasmic domain known to interact with Sec23/24p (Belden and Barlowe, ment a ⌬sec24⌬iss1⌬lst1 strain ( Figure 6A, right and tested in in vitro budding reactions ( Figure 7B) . within a single cell; different transport steps are mediated by distinct coats that must show unique cargo Packaging of the SNARE Sec22p was dramatically reduced in the presence of Sec24R342A (approximately specificity. In furthering our understanding of the mechanisms that drive uptake of cargo molecules during vesi-10% of wild-type). This packaging defect was specific for Sec22p; every other protein that we tested was packcle formation, a combination of structural analysis and functional characterization of sites of interaction beaged normally, including the other SNAREs (Sed5p, Bos1p, and Bet1p), as well as the p24 proteins (Erp1p tween sorting signals and cargo adaptor proteins has been particularly informative. Structural characterizaand Emp24p), and the soluble cargo protein pro-␣-factor ( Figure 7B and data not shown) . The location of Arg342 tion of the interaction between tyrosine-based endocytic signals and the subunit of the clathrin AP-2 comon the surface of Sec24p reveals that this second binding site is located on the same face of the protein as plex has not only revealed the physical basis for this interaction (Owen and Evans, 1998), but also allowed the the Bet1/Sys1p binding site but further from the membrane and closer to Sec23p ( Figure 7C) . Together, the identification of an additional novel binding determinant data presented here lead us to conclude that Sec24p (Owen et al., 2001 ). Similar characterization of the acidichas a number of independent cargo interaction domains cluster dileucine lysosomal sorting signal bound to the that facilitate uptake of a diverse set of cargo molecules. 
VHS domains of GGA proteins identified the residues critical for this interaction and demonstrated the require-

